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© Caldfication resistant tissue for implantation. 

© Porcine valve cusp tissue and t>ovine pericardial tissue 
useful in the fabrication of prosethetrc heart valves for 
implantation in humans, characterized, in the case of porcine 
valve cusp tissue, by having an average degree of calcifica- 
tion of less than 1.0 pg Ca**/mg tissue after 6 weeks 
implantation in a Sprague-Dawley rat test. In the case of 
bovine pericardia tissue, average calcification Is less than 2.5 
microg. after 8 weeks. 

The fixed natural tissue intended for implantation In a 
living body is contaaed with an aqueous solution of a water 

^ soluble salt of 07-18 alkyl sulfate, such as sodium dodecvl 

^ sulfate. 
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CALCIFICATION RESISTANT TISSUE FOR IMPLANTATION 



BACKGROUND OF INVENTION 

10 This invention relates to the preparation of natural 
tissue for implantation, and more particularly, to the 
treatment oi fixed tissue to inhibit mineralization, 
particularly calcification, upon implantation* 

15 Animal tissues have in recent years found wide acceptance 
in the preparation of various prosthetic devices for use 
in humans. Most notable of these is the use of porcine 
heart valves to replace defective mitral, tricuspid and 
aortic valves in humans. Also of interest is the 

20 preparation of arteries » veins and human umbilical cords 
for use as arterial grafts and other tubular duct 
replacement in humans. 

Porcine heart valves have been in use for several years 
25 with generally good results. The preparation of such 

valves for implantation is described in the literature and 
in the patent art as, for example, in U.S. Patents Nos. 
3,966,401 and 4,050,893. Briefly, the valve is excised 
from the donor heart, trimmed and cleaned, and fixed by 
30 immersion in a tanning fluid such as a 0.2% glutaraldehyde 
solution. After several hours of treatment, the fixed 
valve is removed from the glutaraldehyde, rinsed, mounted 
on a stent, and stored in a glutaraldehyde solution until 
ready for use. 

35 

One problem which has been associated with the porcine 
heart valve in some individuals is calcification of the 
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valve leaflets after an extended period of time resulting 
in reduced flexibility * and eventual loss of efficiency in 
the operation of the valve. Significant calcification is 
readily visible in an X-ray of the affected valve. 

5 

It is accordingly an object of the present invention to 
provide a method to inhibit mineralization, and particu* 
larly calcification, of fixed natural tissue upon 
implantation. 

10 

It is a further object of this invention to provide a 
method for treatment of fixed porcine heart valve tissue 
to inhibit mineralization when used as a prosthetic valve 
replacement in humans. 

15 

It is a yet further object of this invention to provide 
fixed natural tissue characterized by improved resistance 
to calcification as compared to fixed natural tissue 
heretofore available. 

20 

These and other objects of the present invention will be 
apparent from the ensuing description and claims. 

As used herein, the term "fixed" or "fixed tissue" refers 
25 to tissue which has been treated with a tanning solution 
such as 4% formaldehyde or 0.2% glutaraldehyde for a 
period of time and under conditions conventionally used to 
prepare natural tissue for implantation. The tanning 
process does not form any part of the present invention. 

30 

SUMMARY OF INVENTION 

Natural tissue such as porcine heart valves or bovine 
pericardial tissue which have been fixed for implantation 
3 5 in accordance with conventional procedures are treated 
prior to implantation with a solution of a water soluble 



vrR-9 



0065827 



-3- 

salt of a sulfated higher aliphatic alcohol containing 
from 7 to 18 carbon atoms such as podium dodecyl sulfate 
; (SDS). The treatment may be effected in a 1% solution of 
. SDS at ambient temperatures and for a period of about 24 
5 • hours • The treated tissue is removed from the SDS 
solution,- rinsed, and returned to storage in sterile 
gluteraldehyde until needed for implantation. 

V 

Porcine heart valve cusp tissue treated in accordance with 
10 the present invention is characterized in that the tissue 
evidences an average of less than 1.0 micrograms Ca++ per 
milligram wet tissue when explanted after 8 weeks 
residence in the abdominal wall muscle of a male Sprague- 
Dawley rat. Bovine pericardium tissue is similarly 
15 characterized in evidencing an average of less than 2.0 
micrograms Ca++ per milligram wet tissue when explanted 
after 8 weeks. 

DESCRIPTION OF PREFERRED EMBODIMENTS 

20 

Natural tissue in accordance with the present invention is 
characterized by an exceptionally low rate of calcifica- 
tion when implanted in a living animal. Tissue calcifi- 
cation is generally observed whenever fixed natural tissue 

25 is implanted in muscle tissue , or placed in the blood 

stream of a warm blooded animal. While the tissue of the 
present invention is directed primarily for use in the 
replacement of defective heart valves in humans, the 
propensity of the tissue to undergo calcification is 

30 readily determined by animal tests. 

accordance with the 
In/fnethod for treating natural tissue to reduce its propen- 
sity to undergo calcification, 

35 

fixed natural tissue is treated with an aqueous solution 
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of a water soluble salt of a sulfated higher aliphatic 
alcohol containing from 7 to 18 carbon atoms. The alkyl 
unit may be straight chain or branched, and preferred 
alkyl sulfates include the water soluble salts of lauryl 
sulfate, myristyl sulfate, cetyl sulfate, steryl sulfate, 
and oleyl sulfate. Mixtures of two or more alkyl sulfates 
may also be used if desired. The salt of the alkyl 
sulfate is preferably soluble in water at room temperature 
to a concentration of at least about 2%, and preferably at 
least 5% by weight. Suitable salts include the sodium, 
potassium and ammonium salts of C^-^g alkyl sulfate, and 
amine salts such as triethylamine-lauryl sulfate. The 
sodium salt of lauryl (dodecyl) sulfate is roost particu- 
larly preferred and its use is illustrated in the 
following detailed example. 

An SDS treatment solution (1%) was prepared by dissolving 
10 g of SDS and 1.4 g of K-2-hydroxyethylpipera2ine-N«-2- 
ethanesulfonic acid (HEPES) in one liter of distilled 
water, and the pB of the solution was adjusted to 7.4 with 
1.0 N sodium hydroxide. 

Fifty pieces of fixed porcine valve cusp tissue weighing 
from about 20 to 30 mg each were rinsed in saline solution 
to remove the glutaraldehyde, then placed in 50 ml of the 
SDS treatment solution at ambient temperature of 20-25*C. 
The solution containing the tissue pieces was stirred 
continuously on a magnetic stirrer. The treatment 
solution was changed after 8 hours, and the treatment was 
continued for a total of 24 hours. 

After the SDS treatment and in preparation for implanta- 
tion, the tissue pieces were rinsed in 0.2% glutaraldehyde 
solution, resterilized by immersion for 24 hours in a 
solution of 1% glutaraldehyde/20% isopropyl alcohol, and 
returned to sterile 0.2% glutaraldehyde solution to await 
implantation. 
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The effectiveness of the SDS treatment in retarding cal- 
cification of the fixed tissue was determined by animal 
implant studies according to the following procedure. 

Male Sprague-Dawley rats weighing 180-200 g were anes- 
thetized and prepared for abdominal surgery under sterile 
conditions. The abdominal area was shaved, disinfected, 
and a lengthwise midline skin incision approximately 4 cm 
long was made in the ventral surface. The skin was 
separated from the underlying muscle, and three small 
pouches were formed in the muscle on either side of the 
midline incision by a small incision followed by blunt 
dissection of the abdominal muscle wall. One piece of 
SDS-treated tissue, rinsed in sterile saline to remove the 
glutaraldehyde, was inserted in each muscle pouch. The 
skin incision was. closed and the animal returned to its 
cage. Implantations were made in 10 rats for a total of 
60 pieces of SDS-treated tissue. A control group of 10 
rats were implanted under identical conditions with a 
total of 60 pieces of fixed porcine valve cusp tissue not 
subjected to the SDS treatment. 

Five rats from the control group and five from the SDS 
test group were sacrificed after four weeks and the 
implanted tissue examined for calcification by X-ray and 
hydrochloric acid extraction. The entire abdominal wall 
with implants in situ was excised and X-rayed. The 
implants were then removed and two set aside for histo- 
logical examination while the remaining four were 
dissected free of surrounding tissue and extracted 
individually in 5 ml of 0,6 N HCl at 70*»C for 96 hours. 
The extract solution was then assayed for calcium by 
atomic absorption. 

The remaining rats in both the test and control groups 
were sacrificed after 8 weeks and the extent of calcifica- 
tion of the implanted tissue determined as above. 
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The results of the animal study are presented in Table I. 

TABLE I 

Porcine Degree of Calcification 

cusp 4 weeks 8 weeks 

tissue X-ray (2) Extraction (J^) X-ray t^) Extraction 

SDS-Treated 

Rat 1 0/6 0.0 0/6 

2 0/6 0.0 0/6 

3 0/6 0.0 0/6 

4 0/6 0.0 0/6 

5 0/6 0^ 0/6 
AV6. 0.0 




Control 



: 1 


5/6 


19.07(3) 


6/6- 


2.84 


2 


6/6 


4.61 


6/6 


12.91 


3 


6/6 


5.09 


6/6 


4.03 


4 


5/6 


10.76 


6/6 


6.49 


5 


4/6 


8.66 


6/6 


3.66 


AVG. 




9.63 




5.99 



(1) Average of 4 values, ug Ca+Vmg wet wt. tissue 

(2) Evaluated by visual examination, 4/6 = 4 of 6 samples 
evidenced a significant degree of calcification. 

(3) Average of 2 values in 4 week data for Control. 

As illustrated by the data in Table I, porcine valve cusp 
tissue treated with the SDS solution remained substantial- 
ly free of calcification for a period of 8 weeks under the 
severe calcification conditions inherent in the rat test. 
The correlation between calcification in the rat test and 
human experience is such that the extensive calcification 
detected in the rat control group after 8 weeks would not 
be expected to occur in humans until after several years 
exposure. The SDS treatment would accordingly be expected 
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to retard calcification in humans. for an additional period 
of years beyond that normally experienced prior to the 
onset of calcification. 

5 The procedure described above is one that has produced 
good results, but it will be apparent to those skilled in 
the art that many variations in this procedure are pos- 
V sible.- For example, the concentration of the SDS treat- 

ment solution may range from about .0.1 to 5.0% or higher, 
10 and other water soluble salts of C^^^g alkyl sulfates may 
be substituted for the SDS. Treatment temperatures may 
range from about 5*>C to 50 ^C; and treatment times may 
range from about 4 hours to several days. 

15 The pH of the treatment solution is preferably from neu- 
tral to slightly basic and may range from about 4.0 to 
9.0, and most preferably from about 7.0 to 7.5. Buffering 
agents other than HEPES may be selected according to the 
desired pH value. In addition, other ingredients both 
active and inactive may be utilized in combination with 
the alkyl sulfate in the treatment solution. . Such varia- 
tions may be developed by those skilled in the art with 
little or no experimentation to suit individual desires. 

25 The animal tests described above were repeated to deter- 
mine the calcification characteristics of fixed porcine 
heart valve cusp tissue and bovine pericardial tissue 
treated with a one percent (1%) solution of SDS for 
periods ranging from 1 to 7 days, and implanted for 
30 periods ranging from 4 weeks to 24 weeks. The solution 
was prepared as described above. 
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A control study was made with similar tissue treated with 
a one percent (1%) solution of leuco-toluidine blue, a 
35 treatment suggested in the art as being useful to inhibit 
calcification of fixed natural tissue during implantation. 
The treatment solution was prepared according to the 

VCR- 9 
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method disclosed in U.S. 2,571,593, incorporated herein by 
reference. The solution was prepared in one liter distil- 
led water which had been previously boiled and -purged with 
COj to remove dissolved air. While continuing the CO2 
5 purge, there was added 10 g. toluidine blue, 7.4 g. sodium 
hydrosulfite and 2 cc concentrated HCl. The pB of the 
solution was about 3. The container was sealed and shaken 
until the blue color disappeared and a muddy grey precipi- 
tate formed. After standing for 24 hours at room tempera-^ 
10 ture, aliquots of the supernatent liquid were repeatedly 
shaken with activated charcoal and filtered until a clear 
solution was obtained. The solution was maintained in a 
stoppered bottle under COj atmosphere until ready for use. 

15 The tissue treatment procedure was the same for both the 

SDS and the leuco-toluidine blue (LTD) solutions. Approx- 
imately 50 pieces of fixed tissue, each weighing 20-30 mg. 
were placed in a container with 50 ml. of the treatment 
solution. The solutions were maintained at ambient 

20 temperatures and were not changed for the duration of the 
treatment period. Samples of tissue were removed after 1, 
3, 5 and 7 days and prepared for implantation as 
previously described. 

25 The results of comparative testing of SDS and leuco- 

toluidine blue in the Sprague-Dawley rat test for calcifi- 
cation of fixed porcine valve cusp tissue and fixed bovine 
pericardia tissue over a period of 4 to 24 weeks implanta- 
tion are presented in Tables II and III. These data 

30 clearly illustrate the remarkable results obtained with 
the SDS treatment to inhibit calcification. The fixed 
natural tissue so treated is unique in its ability to 
withstand calcification during implantation. Moreover, 
the physical properties of the tissue such as tensile 

35 strength, fatigue resistance, flexibility, and the like 
are not affected by the treatment and the performance of 
the tissue in a prosthetic device is not impaired. 



-9- 



0065827 



b3 
•J 
CD 
< 



•J 
< 

a: 

< 
z 

o 
u 

2 
< 



C 
Z 

o 

M 
< 



u 

1-3 
< 



c 
o 

(0 

c 
a 



O c 

o 

£ E 
JJ JJ 

c <u 
JJ 



CM 

CO 
3 
U 

> 

> 

C 

o 
u 
o 

Cu 



o in o 
m fM CO 



CO 00 CM o 



♦I -H 

\D o 
00 00 CN in 
• • • • 
av rM vo 



CO VD VD ro 

o fH o m 



o o o ^ 

44 44 41 ^ 



m CO 
m ^ o 



«H O O OP 



n o o\ 
\D so in rn 

• • • • 

to 00 ch <n 

+1 +1 4< •« 

vD VD vo 
m o^ ^ 

• • • • 

o r* eg 



o o 



o o o 

Eh 

z 

in 
o 

o o o 

• • • 

o o o 



•H CM 
^ CM 

O 00 



NO 



CO 

in 



^ o 



\ 
z 



o o 

•H M 



CM O 



C O 



z 

o 
o 



en 

to <0 



0) 

c 

>1 >, > 

(0 (Q O 
rO 'D CD 



^ m in r- 



O 9\ n rH 

o m o m 

• • • • 

in VD VP m 
in tn 

*4 -H 41 

cn 00 
ro in CO •H 

• • • • 

00 nin fn 



vo in CO 
o o o ^ 



in o o iH 

-« -H 44 +1 



c\ <N in m 
ov w o 



cn o o o 



•H o o o 
1-4 CS 0> CM 



o r«« 00 

^ CM 



4< 4H 41 41 



VO o o 
in tN <N o\ 



VD O ^ 0\ 

in 00 



in CM «-4 in 
r*» ^ ON 



fO CM f*1 O 
4H 44 44 41 



CM vc rs 

^ VO CN <N 



•H O ^ O 



00 ON tn (N 

• • • • 

\D in in .H 

4« 41 41 41 

CM n 

• • • • 

in CO CM ^ 



NO \D ^ 
m GO f-< 00 

• • • • 

O CM O H 
41 41 41 41 

CM ^ \o 

^ \o in \o 

• • • • 

O O O 1-4 



WWW 

>1 >1 >1 >. 

(0 10 
*0 'D 

i-i m in 



O 
H 

a 

E 
10 
0} 



§ 

m 

CO 



0) 
9 

m 

CO 



4-> 



+ 

U 



CO 
<Q 

•D 

4J 
U 
O 

a 
u 

IQ 
JJ 

C 

o 

JJ 

10 Q) 
O 4J 
•w (0 

iU 

•H H 

u 

<-( JJ 

eo O 

U Z 



wZ 



0065827 



-10- 
TABLE III 

LONG TERM CALCIFICATION OF IMPLANTED NATURAL TISSUE (D 

Duration of Treatment solution 

implantation SDS LT D 

16 weeks 0.10 ± 0.05 9.01 ± 5.39 

20 weeks 0.42 ± 0.04 23.26 ± 24.77 

24 weeks 0.63 t 2.40 24.48 ± 18.38 

(1) Porcine valve cusp tissue, treated for 7 days with SDS 
or LTD solution, implanted in Sprague-Dawley rats; 
calcification data wgCa+Vmg wet tissue, based on 20 
samples. 
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Due to the inherent variability in natural tissue samples 
and in test animals, the results of the calcification test 
in Sprague Dawley rats are subject to considerable 
variability as evidenced by the data presented in Tables 
II and III. Thusr it is necessary to replicate the test 
to establish meaningful results and, for purposes of 
defining the tissue of the present Invention, we have 
selected calcification values based on an average of 20 
samples. Specifically, porcine heart valve tissue and 
bovine pericardial tissue in accordance with the present 
invention are defined in terms of maximum and preferred 
degrees of calcification after 4 to 12 weeks in the 
Sprague-Dawley rat test based on 20 samples as follows: 

15 Duration of Degree of Calcification 

Implantation ygCa'^'Vroq Tissue 

^ Maximum Preferred" 

A. Porcine Heart Valves 

20 4 weeks 0,5 <0.1 

8 weeks 1.0 <0.2 

12 weeks 3.0 <l.o 

B. Bovine Pericardia 

25 4 weeks 2.0 <l.o 

8 weeks 2.5 <l.o 

12 weeks 3.0 <l.o 



30 



Fixed natural tissue having resistance to calcification 
comparable to the tissues of the present invention have 
not heretofore been known. Tissue treated with leuco- 
toluidine blue, while demonstrating some short-term 
advantage over untreated tissue, falls far short of the 
tissue of the present invention. Accordingly, the present 
35 invention provides a new and improved product representing 
a substantial advance in state-of-the-art relating to 
implantable devices. 



VCR- 9 



0065827 



-12- 

Although the proceeding description has been limited to 
porcine heart valves and bovine pericardia, the invention 
also includes veins, arteries and other tissues intended 
for implantation in humans which are derived from animals 
or humans. Accordingly, the present invention is not 
intended to be limited to the specific tissues of the 
examples presented herein. 
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Claims 

1. A method for inhibiting the mineralization of fixed 
natural tissue after implantation in a living body 
comprising contacting fixed natural tissue intended for 
implantation with an aqueous solution of water soluble 
salt of alkyl sulfate. 

2. The method of Claim 1 wherein the water soluble salt 
is selected from the group consisting of sodium, 
potassium, ammonium and amine salts* 



or Claim 2 

3. The method of Claim J/%rtierein C^.jg alkyl sulfate is 
selected from the group consisting of lauryl, myristyl, 
cetyl, steryl and oleyl sulfate. 

any one of to 3 
U. The method of /Claims 1/ wherein the concentration of 
said salt of Cj^^^ alkyl sulfate in said solution is from 
about 0.1 to 5% by weight. 



5. The method of Claim 1 wherein said aqueous solution 
comprises from about 0.1 to 5% by weight sodium dodecyl 
sulfate. 

any one of to 5 

6. The method of /Claims 1/wherein the fixed tissue is a 
porcine heart valve. 
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7. Fixed natural tissue suitable for implantation in a 
living bodyr characterized in that said tissue is substan- 
tially free of calcification after 4 weeks residence in 
the abdominal wall muscle of a male Sprague-Dawley rat. 



B. Fixed natural tissue suitable for implantation in a 
living body, characterized in that said tissue evidences 
less than 1.0 micrograms Ca** per milligram wet tissue 
after 8 weeks residence in the abdominal wall muscle of a 
male Sprague-Dawley rat. 



Fixed natural tissue suitable for implantation in a 
living body, characterized in that said tissue evidences 
less than 3.0 micrograms Ca++ per milligram wet tissue 
after 12 weeks residence in the abdominal wall muscle of a 
male Sprague-Dawley rat. 
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ID. A porcine heart valve suitable for implantation in 
living bodyr characterized in that a piece of cusp tissu 
excised from said valve remains substantially free of 
calcification for at least 4 weeks when implanted in the 
20 abdominal wall muscle of a male Sprague-Dawley rat. 
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